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A mathematical model using the fiber approach is presented in this paper for quantifying the
strength and fire-resistance of eccentrically loaded slender concrete-filled steel tubular (CFST)
columns with rectangular sections incorporating the interaction of local and global buckling.
The model utilizes the thermal simulator to ascertain the temperature distribution in crosssections, and the nonlinear global buckling analysis to predict the interaction responses of local
and global buckling of loaded CFST slender columns to fire effects. The initial geometric
imperfection, air gap between the concrete and steel tube, tensile concrete strength,
deformations caused by preloads, and temperature-dependent material behavior are included in
the formulation. The computational theory, modeling procedure and numerical solution
algorithms are described. The computational model is verified by existing experimental and
numerical results. The structural responses and fire-resistance of CFST columns of rectangular
sections exposed to fire are investigated. The mathematical model proposed is demonstrated to
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be an efficient computer simulator for the fire-performance of slender CFST columns loaded
eccentrically.

Keywords: Concrete-filled steel tubes; Elevated temperatures; Fire-resistance; Interaction of
local and global buckling; Nonlinear analysis.

1.

Introduction

Thin-walled steel tubes are often used to construct slender square and rectangular concretefilled steel tubular (CFST) columns in tall buildings to reduce the steel amounts to achieve
economical designs.1,2 However, eccentrically loaded slender CFST columns made of thinwalled rectangular sections under fire exposure may fail by the interaction of local and global
buckling, which significantly reduces their ultimate strength and fire-resistance.3,4 To provide
realistic fire-resistance of such composite columns, inelastic modeling and design methods
must consider the interaction of local and global buckling. However, because of the complexity
of the interaction buckling problem, design methods specified in current design standards, such
as Eurocode 4,5 AISC-166 and ACI-318,7 have not considered the interaction-buckling effect
on the fire behavior of slender rectangular CFST columns. In addition, the interaction of local
and global buckling has rarely been included in theoretical models reported in the literature.
This highlights the need for developing an efficient modeling technique including the
interaction of local and global buckling, which is capable of accurately determining the fire
resistance of slender CFST columns loaded eccentrically.

The fire response and resistance of CFST slender columns loaded axially or eccentrically have
been studied experimentally by investigators.8-15 Lie and Chabot8 conducted standard fire tests
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on six axially-loaded slender CFST square columns. The clear width-to-thickness ( b / ts ) ratios
of the tested columns ranged from 22 to 46. It was indicated that the failure of CFST square
columns was caused by either the column global buckling or compression depending on the
column slenderness. The report on the fire test results of eight slender CFST square columns
fabricated by fire-resistant steel tubes loaded eccentrically was given by Sakumoto et al.9 The
report stated that the interaction of local and global buckling coupled with concrete crushing
caused the failure of slender CFST columns with a b / ts ratio of 31.3. Han et al.10 performed
experiments on two rectangular and one square eccentrically loaded slender CFST columns
under fire exposure to ascertain their responses to fire effects. These CFST columns had the
b / ts ratios of 35.7 and 43.5. The fire test results signified that slender CFST box columns failed
by the interaction of local and global buckling.

More recently, Espinos et al.11,12 conducted fire tests on slender CFST box columns with and
without reinforcing bars under large loading eccentricities. The rectangular columns had the
b / ts ratios of 23 and 33. Their results demonstrated that the failure mode of slender CFST
rectangular columns with relatively large b / ts ratios was the interaction of local and global
buckling. The effect of the eccentricity of the applied load on the fire resistance was found to
be detrimental. The nonlinear responses of eccentrically-loaded continuous CFST square
columns constructed by plain concrete, bar-reinforced concrete and steel-fiber reinforced
concrete exposed to fire were investigated experimentally by Ukanwa et al.13 Due to the small
b / ts ratio of 31.3, all columns tested by Ukanwa et al. failed by the global buckling without
local buckling. The bar-reinforced concrete improved the fire-resistance more than other types
of concrete.
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Fiber-based computational techniques have been formulated by several investigators to
quantify the responses of loaded CFST columns to fire effects.16-19 Lie and Irwin17 proposed a
numerical procedure for estimating the structural responses and fire resistance of CFST slender
rectangular columns loaded axially with longitudinal steel bars exposed to fire. The numerical
procedure considered the effects of concrete moisture content but ignored the concrete tensile
strength and deformations induced by the preloads on the columns before being exposed to fire.
Han18 developed a computational model, which ascertained the fire resistance of square CFST
beam-columns loaded eccentrically. The tensile strength and moisture content of concrete were
not taken into consideration in the computational model, but it included the concrete
confinement effect. An analysis technique was given by Chung et al.19 that computed the fire
resistance of square CFST slender columns subjected to eccentric loading. However, their
technique did not account for the effects of the tensile strength and moisture content of concrete.
It should be noted that the aforementioned theoretical models employing the fiber approach
have not included the influences of the interaction of local and global buckling on the structural
responses of CFST columns subjected to fire loading.

The commercial and specialized finite element (FE) programs have been utilized by a number
of investigators to examine the fire performance of loaded slender CFST columns.20-24 Ding
and Wang20 developed FE models using ANSYS to investigate the significance of the air gap
and slip between the steel tube and concrete, concrete tensile strength, and initial imperfections
on the responses of CFST columns to fire effects. It was concluded that including an air gap
improved the accuracy of numerical predictions and the slip between the concrete core and steel
tube had a minor influence on the predicted fire resistance. Hong and Varma21 presented a
sequentially coupled analytical procedure employing the FE program ABAQUS to examine the
sensitivities of the fire behavior of CFST columns to the material constitutive models, concrete
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tensile behavior, geometric imperfection, and local buckling. Schaumann et al.22 utilized the
FE software BoFIRE to compute the fire performance of circular and square CFST columns
made of high-strength concrete. It was highlighted that local buckling effects have not been
taken into account in most existing simulation techniques including BoFIRE, which leads to
exaggerated predictions.

The above literature review has highlighted that the air gap between the concrete core and steel
tube, concrete tensile strength, deformations caused by preloads, and interaction of nonlinear
local and global buckling have not been included in existing fiber-based modeling method for
CFST rectangular columns under fire exposure. To overcome these limitations, this paper
presents an efficient mathematical model incorporating the aforementioned important features
for simulating the fire resistance and responses of CFST slender columns of rectangular sections
under uniaxial bending and axial compression. The formulation of the thermal and stress
analyses, computer simulation procedure and solution algorithms for slender CFST columns
under fire exposure are provided. Comparisons of calculations with existing experimental and
numerical results are conducted to validate the proposed model. A parametric study is
performed to ascertain the significance of various factors on the fire resistance and structural
responses of CFST columns under fire exposure.

2. Thermal Analysis

2.1. The method of fiber element analysis

The thermal simulator utilizes the computationally efficient and accurate method of fiber
elements to discretize the cross-sections of rectangular CFST columns as suggested by
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Liang.25,26 The method of fiber elements is computationally more efficient than the traditional
finite element method as the fiber method does not require the discretization of the column
along its length.27 Figure 1 illustrates the typical fiber mesh for the cross-section, which is
discretized into square elements of fibers. The size of steel fiber elements is equal to half of that
of concrete fiber elements. Each fiber is given to either concrete or steel properties at elevated
temperatures. In addition, each fiber is assigned to a temperature in accordance with the
calculated temperature distribution in the thermal analysis. The longitudinal stresses are
computed from axial strains by means of applying the stress-strain constitutive laws of steel as
well as concrete, which are temperature-dependent. The axial force (P) as well as bending
moment ( M x ) in the cross-section are calculated by stress integrations.25

The assumptions underlying the formulation of the fiber model are: (1) the rectangular CFST
slender column is exposed to uniform temperatures along its length; (2) a perfect bond between
the steel tube and concrete infill exists; (3) the plane section remains plane after deformation;
(4) the local buckling of thin-walled steel tubes is considered; (5) an air gap at the steel-concrete
interface is incorporated; (6) the tensile behavior of concrete is taken into account; (7) the
shrinkage and creep of concrete are ignored.

2.2. Temperature calculations

It is assumed that the temperature distributions around the four sides of a CFST column of
rectangular section exposed to fire and along its length are uniform. The temperatures on the
surfaces of the CFST column under fire exposure are calculated by the standard temperaturetime equation provided in Eurocode 1.28 The method of finite difference is used to numerically
solve the heat equation in 2D to ascertain the nodal temperatures at elements within the column
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cross-section. The element temperature at its centroid is taken as its average nodal temperatures.
The thermal analysis requires the input of three main material thermal properties, which include
density, specific heat and thermal conductivity. The thermal properties of steel given in
Eurocode 329 and those of concrete presented by Lie and Irwin17 are adopted in the present
study. An air gap between the concrete and steel tube with a contact resistance of 100 W/m2K
is considered in the thermal model as suggested by Ding and Wang.20 The value of the exposure
surfaces emissivity is specified as 0.7. The concrete moisture content is assumed to be 3% as
suggested by Eurocode 2.30 The detailed thermal analysis procedure can be found in the paper
by Kamil et al.31

3. Nonlinear Stress Analysis of Cross-sections

3.1. Strain calculations

The strain distribution through the depth of the column cross-section under combined uniaxial
bending and axial compression is assumed to be linear as schematically illustrated in Fig. 1. For
CFST columns under fire exposure, the longitudinal strain consists of the component induced
by the applied load and bending moment, and the component caused by the fire effect. The
strains are calculated by the following equations:

D
 dn
2

y n ,i 

d e ,i | yi  y n ,i |

d e,i   T
i  
d e,i   T
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for yi  yn,i
for yi  yn,i

(1)
(2)

(3)

where D denotes the section depth, dn represents the neutral axis depth of the cross-section, yi
stands for the coordinate of the fiber i,  i defines the strain of the element i, and T represents
the thermal strain corresponding to steel or concrete element.

3.2. Temperature-dependent stress-strain model for steel

The present mathematical model employs the temperature-dependent stress-strain model for
structural steels recommended by Eurocode 3.29 The typical uniaxial stress-strain curves for
steel as a function of temperatures in accordance with Eurocode 3 have been plotted in Fig. 2,
which are expressed by

 s ,T

 ET εs

2
h
 f p ,T  h3   2 h12   ε y ,T  εs 
h1

f
 y ,T
 f y ,T 1   εs - εt ,T  /  εu ,T - εt ,T  

0

for  s   p ,T
for  p ,T   s   y ,T
for  y ,T   s   t ,T

(4)

for  t ,T   s   u ,T
for  s   uT

in which

h12  ( y,T  p,T )( y,T  p,T  h3 / ET )

(5)

h22  ET ( y,T  p,T )h3  h32

(6)

h3 

(f y ,T  f p ,T )2
ET (ε y ,T  ε p ,T )  2 (f y ,T  f p ,T )
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(7)

where E T is the elastic modulus of steel, f p ,T denotes the proportional stress limit, f y ,T stands
for the yield stress,  p ,T stands for the strain at proportional limit,  y ,T represents the yield
strain, and  u ,T is the ultimate strain of steel at elevated temperatures.

Elevated temperatures remarkably reduce the strength and stiffness of steel material. Eurocode
329 provides reduction factors that are used to reduce the material properties of steel at higher
temperatures. The reduction factor applied to the proportional limit is denoted as R p ,T , to the
steel yield strength is represented by R y ,T , and to the steel modulus of elasticity at elevated
temperatures is R E ,T . The values of these reduction factors are given in Eurocode 3 and the
paper by Kamil et al.31 and therefore are not given here. When the temperature is below 400oC,
the strain hardening is considered in the present computational model in accordance with
Eurocode 3.29

3.3. Temperature-dependent stress-strain model for concrete

The temperature-dependent stress-strain curve for filled concrete in CFST columns is depicted
in Fig. 3. The present fiber-based mathematical model utilizes the stress-strain relations of
concrete at elevated temperatures described in Eurocode 2.30 For concrete in compression, the
longitudinal stresses of concrete are calculated from axial strains by

 c,T

3 c fc,T

 ' 
3
'

 c,T 2   c /  c,T  

   cu,T  c 
 fc,T 
' 
   cu,T   c,T 
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for  c   c' ,T
(8)

for  c   c' ,T

where f c',T is the compressive concrete strength of concrete,

 c' ,T is the strain at

denotes the ultimate strain of concrete at elevated temperatures. The values of

f c',T , and  cu ,T

 c' ,T and  cu ,T

of

concrete made of siliceous aggregates at elevated temperatures are given in Eurocode 2.30

It should be noted that the stress-strain model for concrete at elevated temperatures given in
Eurocode 230 does not consider the confinement effect as the steel tube provides little
confinement to the concrete in rectangular and square CFST columns and the confinement is
limited to the column corners.1-4 In addition, the high temperature and local buckling
significantly reduce the strength and stiffness of the rectangular steel tube, which provides no
confinement to the concrete core so that it is neglected in the present study. However, in the
post-fire nonlinear analysis of CFST columns, the confinement model for concrete has been
used by Yang et al.32

The tensile strength of concrete has a noticeable influence on the fire behavior of CFST columns
and is therefore considered in the present computational model. The stress-strain response of
concrete in tension is described by two-linear curves as shown in Fig. 3. At ambient
temperatures, the concrete tensile strength is taken as 10% of its compressive strength. At
elevated temperatures, the reduction factor given in Eurocde 329 is applied to the tensile
concrete strength. The ultimate tensile strain of concrete at which the tensile stress is zero is
specified as 10 times the cracking strain.

3.4. Modeling local and post-local buckling

The reduction in the fire resistance of CFST slender columns due to local buckling is significant
as reported by Kamil et al.31 Thus, the present mathematical modeling method incorporates the
11

influence of local and post-local buckling on the structural performance of slender CFST
columns with rectangular sections under fire. Kamil et al.33 developed equations that predict
the critical local buckling stresses of steel plates subjected to non-uniform in-plane stresses in
CFST columns exposed to fire. These equations, which considered the local geometric
imperfection in addition to residual stresses, are used in the proposed numerical scheme to
ascertain the initial local buckling stresses of CFST slender columns under fire exposure.

The post-local buckling strength of thin steel plates can be computed by the effect width method
as discussed by Liang26 and Liang et al.34 The typical effective widths of steel tube in a CFST
columns of rectangular section under uniaxial bending are illustrated in Fig. 4. The effective
width expressions for steel plates subjected to stress gradients in rectangular CFST columns
under fire exposure constructed by Kamil et al.33 are implemented in the proposed mathematical
model, which are written as

0.3028

be1 1
 ( q1cq,T )
b 2

0.8418

0.02368
c ,T

 R p ,T 
R
 1.154  p ,T


R
 Ry ,T 
 y ,T
1.68
2.055  c ,T
0.3028

be1 1
 ( q1cq,T )
b 3

0.8418

0.02368
c ,T

 R p ,T 
R
 1.154  p ,T


R
 Ry ,T 
 y ,T
1.68
2.055  c ,T









( s  0)

(9)

( s  0)

(10)

be 2
b
 (2   s ) e1
b
b

(11)

where ܾଵ and ܾଶ denote the effective widths depicted in Fig. 4, b is the clear width of the steel
plate, s represents the stress gradient coefficient, which is defined by the ratio of the minimum
to the maximum in-plane stresses on the plate, q and q1 are expressed by
12

q  0.04007 s2  0.05275 s  0.03355

(12)

q1  0.1007 s2  0.7027 s  1.65

(13)

The relative slenderness ratio c,T of the steel plate at elevated temperature is described by

c,T 

12(1   2 )(b ts )2 ( Ry ,T f y )
k 2 ( RE ,T E )

(14)

in which f y represents the steel yield strength at room temperature,  denotes the Poisson’s
ratio of steel, E stands for the Young’s modulus of steel material at room temperature, and the
elastic local buckling coefficient k of a steel plate with clamped boundary conditions is given
as 9.95 by Kamil et al.33

In the regime of post-local buckling, a thin steel plate subjected to increasing load can gradually
redistribute the in-plane stresses from the heavily buckled region to the edge strips.26 The
ineffective widths of the steel flange and webs as depicted in Fig. 4 increase as the loading
increases until their ultimate strengths are attained. The stresses of steel fibers within the
ineffective widths are given to zero in accordance with the effective width concept. The unique
numerical modeling scheme proposed by Liang25 has been used in the proposed computational
method to model the gradual post-local buckling of steel tubes of CFST columns exposed to
fire.

4. Nonlinear Global Buckling Analysis of Slender Columns
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4.1. Formulation of computational theory

Eccentrically loaded pin-ended slender CFST columns under fire exposure are considered in
the present study. It is assumed that the slender column exposed to fire is under single curvature
bending about its principal axis. The part-sine function is used to represent the lateral
displacement of the slender column as suggested by Liang35, and is written by

z 
u  um sin  
 L

(15)

where u m is the lateral deflection occurs at the column mid-length, and L is its effective length.

The curvature induced at the column mid-length can be obtained from the displacement shape
function as

 
m  um  
 L

2

(16)

The CFST columns used in composite buildings are subjected to vertical loads from upper
floors. The eccentric loading applied to the CFST column before being exposed to fire causes
initial lateral displacement and stresses within the column. This constant eccentric load is
considered as a preload on the column as discussed by Patel et al.36 The computational
procedure of load-deflection is used to quantify the lateral deflection due to the preload, which
is incorporated in the global buckling simulation of slender CFST columns exposed to fire as
an additional initial geometric imperfection ( u po ). The mathematical formulation also accounts
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for the initial geometric imperfection ( uo ) and lateral displacement ( u m ) at the column midheight. The external bending moment acting at the column mid-height becomes

M ext  P ( u po  uo  e  u m )

(17)

where e represents the loading eccentricity at the ends of the column and the initial geometric
imperfection uo at the column mid-height is taken as L/1000.

The present mathematical modeling technique employs the method of displacement control to
compute the complete load-lateral displacement responses of CFST slender columns to fire
effects. In this method, the lateral displacement at the column mid-height is incrementally
increased. The internal axial force corresponding to this lateral displacement is computed. The
internal axial force satisfying the moment equilibrium at the column mid-height is treated as
the external applied axial load at the column ends with an eccentricity (e). The process of
calculations is repeated until the complete axial load-displacement curve is determined. The
function of residual moment generated in the computation is constructed as

rM  M x  P ( u po  uo  e  u m )

(18)

In the numerical computation, if rM   k  10  4 , the moment equilibrium condition is satisfied.

The fire resistance of an eccentrically loaded CFST slender column under fire exposure is
determined by gradually increasing the fire temperature and calculating the axial load-lateral
displacement responses of the column to the fire effects. The column ultimate strength
decreases with an increase in the time of fire exposure. The fire resistance of the CFST column
15

is obtained as the fire exposure time that reaches the failure point of the column. The computer
simulation procedure for quantifying the fire-resistance of a slender rectangular CFST column
loaded eccentrically is generally incremental and iterative and is described as follows:

(1)

Input data.

(2)

Mesh the CFST cross-section into fiber elements and compute their areas and coordinates.

(3)

Compute the lateral displacement of the slender CFST column under constant preload.

(4)

Initialize the fire exposure time (t) as t   t .

(5)

Calculate temperatures on column surfaces and at fiber elements within its cross-section.

(6)

The lateral deflection at the column mid-length is specified as um  um .

(7)

Compute the mid-height curvature m of the slender column.

(8)

Adjust the neutral axis depth ( dn ) by employing solution algorithms implementing
Müller’s method.37

(9)

Calculate element stresses from strains by temperature-dependent stress-strain models for
concrete as well as steel.

(10) Simulate the gradual local and post-local buckling of steel tube with thin-walled section.
(11) Compute the sectional axial force (P) and moment M x .
(12) Determine the residual moment function rM .
(13) Repeat Steps 8 to 12 until rM   k  10  4 .
(14) Increase the lateral deflection at the column mid-height by um  um  um .
(15) Repeat Steps 7 to 14 until P  0.5Pu or the deflection is beyond the specified limit.
(16) Increase the fire exposure time by t  t   t .
(17) Repeat Steps 5 to 16 until the fire resistance of the CFST column is obtained.
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4.2. Algorithms for solving nonlinear dynamic functions

As described in the proceeding section, the neutral axis depth ( dn ) of the cross-section needs to
be adjusted iteratively to achieve the equilibrium condition at the column mid-height. The
residual moment function generated in the incremental-iterative analysis process is changing at
each iteration so it is dynamic. The highly nonlinear dynamic function that is not derivative
with respect to the design variables. Computational algorithms implementing Müller’s
method37 have been developed to ascertain the true depth of the neutral axis in the column crosssection.3,4 The numerical technique requires three initial neutral axis depths d n ,1 , d n,2 and d n ,3 to
start the computation process. The new neutral axis depth d n,4 is determined by

d n ,4  d n ,3 

2cm
bm  bm2  4am cm

(19)

am 

( d n ,2  d n ,3 )( rM ,1  rM ,3 )  ( d n ,1  d n ,3 )( rM ,2  rM ,3 )
( d n ,1  d n ,2 )( d n ,1  d n ,3 )( d n ,2  d n ,3 )

(20)

bm 

( d n ,2  d n ,3 ) 2 ( rM ,2  rM ,3 )  ( d n ,2  d n ,3 ) 2 ( rM ,1  rM ,3 )
( d n ,1  d n ,2 )( d n ,1  d n ,3 )( d n ,2  d n ,3 )

(21)

cm  rM ,3

(22)

In Eq. (19), the signs of bm and the square root term in the denominator are taken as the same.
The computations using above equations are undertaken to iteratively adjust the neutral axis
depth until the equilibrium condition is achieved.3,4

5. Verification of the Fiber-Based Mathematical Model
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The mathematical model has been developed for eccentrically loaded slender rectangular and
square CFST columns constructed by normal strength plain concrete and normal strength thinwalled steel tubes. Therefore, existing numerical and test data on the fire-resistance of
eccentrically loaded CFST columns constructed by normal strength plain concrete and normal
strength thin-walled steel tubes were employed to verify the model. Standard fire tests on
slender CFST columns under eccentric loading were undertaken by Han et al.10, Espinos et
al.12, Kordina and Klingsch38 while Ding and Wang20 carried out finite element analyses on the
structural responses of eccentrically loaded CFST square columns to fire effects. The geometry
as well as steel and concrete properties of these columns are given in Table 1. The computer
simulation technique developed was used to determine the fire-resistance of the columns whose
details are provided in Table 1.

It would appear from Fig. 5 that the fire-resistance in time predicted by the fiber-based
computing technique are generally in good correlations with those determined from the
standard fire tests and finite element analyses. However, there is a discrepancy between the
predictions by the present mathematical model and experimental and finite element results. The
causes for this discrepancy are: (a) measurements on the steel and concrete thermal properties
of the tested columns were not undertaken and might be different from those implemented in
the present computational model; (b) the actual concrete moisture content in the tested columns
was unknown and might not be equal to the specified value in the present model; (c) only part
of the column length was heated in the standard fire tests.

6. Parametric Study
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The developed computer simulation technique was used to ascertain the significance of various
parameters on the structural responses as well as fire resistance of eccentrically loaded CFST
columns under fire exposure. In parametric study, the Young’s modulus of steel at room
temperature was 210 GPa. All CFST columns under investigation were assumed to have an
initial out-of-plane displacement of L/1000 at the column mid-length.

6.1. Influences of local buckling of steel tubes

Local buckling may occur in thin-walled CFST short columns, which do not undergo global
buckling so that there is no interaction between local and global buckling in CFST short
columns. However, when the length of the thin-walled CFST column is increased from short to
slender, local and global buckling may take place simultaneously so that there is an interaction
between local and global buckling. Local buckling reduces the stiffness and strength of the
CFST slender column, which may cause the global buckling of the column. The significance of
local buckling on the structural responses and fire-resistance of CFST columns loaded
eccentrically was examined by using the computer program developed. A square CFST column
with the dimensions of 500×500×5 mm constructed by a steel tube having a yield stress of 300
MPa and 40 MPa concrete was employed. The column, which had a member slenderness ratio
(L/r) of 25 and a loading eccentricity ratio (e/D) of 0.05, was analyzed by incorporating local
buckling as well as ignoring it, respectively. The computed load-lateral displacement responses
of the column at 20 min fire exposure are shown in Fig. 6. It is found that the column ultimate
strength at 20 min fire-exposure is reduced by 7% due to local buckling. The influence of local
buckling on the column strength-fire exposure time curve is illustrated in Fig. 7. It would appear
that the effect of local buckling on the column ultimate load is found to be the most prominent
at ambient temperature, which leads to 9% reduction in the column strength. However, its

19

influence decreases as the time of fire exposure increases. After 40 min fire exposure, local
buckling has an insignificant influence on the fire-resistance and can be ignored. Based on the
effective width formulas, local buckling would reduce the axial capacity of the hollow steel
tube by up to 60%.33 When compared with the capacity of the CFST column, this percentage
reduction decreases. However, if normal-strength concrete and high-strength steel tube are used
to construct the CFST column that is not too slender, the reduction in column strength due to
local buckling is significant and should be taken into consideration in numerical simulations.

6.2. Influences of column slenderness

Square columns of 600×600 mm with a B / ts ratio of 60 and various member slenderness ratios
were analyzed to ascertain the effects of the L/r ratio on their responses to fire loading. The
columns had an e/D ratio of 0.1, steel yield strength of 350 MPa and concrete strength of 45
MPa. The column slenderness ratios were computed as 22, 32, 42 and 50 by varying the column
length. The computational axial load-lateral displacement curves for these columns at 40 min
fire-exposure have been plotted in Fig. 8. It is clearly shown that increasing the L/r ratio
remarkably reduces the column ultimate axial load in addition to its initial stiffness. When
changing L/r ratio from 22 into 32, 42 and 50, the ultimate strength of the column decreases by
8%, 20% and 31%, respectively, and the lateral deflection at the ultimate load increases from
14 mm to 28.5 mm, 46.5 mm and 63 mm, respectively. Figure 9 gives the column strength-fire
exposure time curves for CFST columns as a function of member slenderness ratios. It is
apparently demonstrated that the column strength decreases markedly as a result of increasing
the fire exposure time regardless of the L/r ratio. At 20 min fire-exposure, changing the L/r ratio
from 22 to 32, 42 and 50 results in a reduction in the column strength by 8%, 21% and 39%,
respectively. However, at 60 minutes of heating, changing the L/r ratio from 22 to 32, 42 and
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50 results in a strength reduction by 10%, 24% and 38%, respectively. It is notes that the column
with the L/r ratio of 50 has the lowest strength at the fire exposure time of 20 min. This is due
to the interaction of local and global bucking in slender CFST column and the load is transferred
from the buckled steel tube to the concrete core.

6.3. Influences of loading eccentricity ratio

Nonlinear fire response analyses on a slender square CFST column, which had a cross-section
of 400×400 mm, B / ts ratio of 80 and L/r ratio of 32, were performed to ascertain the
significance of e/D ratios on their fire behavior. The compressive strength of the filled concrete
was 40 MPa while the steel yield stress was 300 MPa. The column was subjected to applied
loads with the eccentricity ratios of 0.05, 0.1, 0.15 and 0.2. The structural responses of the
column having various e/D ratios at 40 min fire-exposure are presented in Fig. 10. The column
ultimate load and initial stiffness are reduced greatly by increasing the end eccentricity of
applied loads. The sensitivity of the column strength-fire exposure time curves to the e/D ratio
is illustrated in Fig. 11. When the e/D ratio is changed from 0.05 into 0.1, 0.15 and 0.2, the
column strength at ambient temperatures decreases by 11%, 20% and 28%, respectively, but at
20 min fire exposure, it decreases by 17%, 30% and 49%, respectively.

6.4. Influences of compressive concrete strength

The significance of the compressive strength of filled concrete on the structural responses of
CFST rectangular columns in fire was investigated by means of employing the computer
program developed. The CFST columns under investigations had the following properties:
cross-section of 400×450 mm having a thickness of 10 mm, yield strength of 350 MPa, L/r ratio
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of 35, and e/D ratio of 0.1. The compressive strengths of the filled concrete in these columns
ranged from 25 MPa to 55 MPa. Figure 12 gives the axial load-lateral deflection relationships
of CFST columns with different concrete strengths at 40 min fire exposure. It is distinctly
indicated that increasing the concrete strength leads to a remarkable improvement in the
ultimate load as well as initial stiffness of the CFST columns. It is observed from the column
strength-fire time curves depicted in Fig. 13 that the use of higher strength concrete appreciably
improves the column strength regardless of the time of fire exposure. In addition, the effect of
concrete strength on the column strength increases as the time of fire exposure increases. When
changing the concrete strength from 25 to 35MPa, 45 MPa and 55 MPa, at ambient temperature,
the percentage increase in the column axial load is 16%, 32% and 47%, respectively; however,
at 40 min fire-exposure, it becomes 40%, 80% and 120%, respectively.

6.5. Influences of steel yield strength

The fire behavior of square CFST columns fabricated by steel tubes having yield strengths
ranging from 250 MPa to 450 MPa was studied. The details of the columns under consideration
were: section of 500×500 mm, B / ts =100, f c'  35 MPa, L/r =30, and e/D=0.1. Figure 14
presents the significance of the steel yield stress on the column strength-fire exposure time
curves. It is confirmed that the influence of steel yield stress on the column strength is the most
prominent at room temperature. Its impact decreases considerably as a result of increasing the
time of fire exposure. After 20 min fire exposure, however, the ultimate axial strength of the
CFST columns is not affected by the steel yield stress.

6.6. Influences of width-to-thickness ratio

22

The computational technique proposed was used to investigate the effect of B / ts ratio on the
performance of CFST columns in a fire environment. The CFST columns having a square
section of 350×350 mm, concrete strength of 55 MPa, steel yield strength of 450 MPa, e/D ratio
of 0.1, L/r ratio of 40, and B / ts ratios of 40, 60, 80 and 100 were analyzed under fire loading.
The significance of the B / ts ratio on the fire-exposure time-column strength curves is
demonstrated in Fig. 15. The influence of the B / ts ratio on the column ultimate load is most
pronounced at room temperature but increasing the fire exposure time decreases its impact.
After 20 min fire exposure, its effect becomes insignificant. At room temperature, changing the
B / ts ratio from 40 to 60, 80 and 100 decreases the column strength by 16%, 25% and 29%,
respectively. In contrast, at 40 min fire exposure, it increases the column strength by only 4%,
7% and 6%, respectively. The cause for this is that the elevated temperature sustainably reduces
the strength and stiffness of steel material, which minimizes the effect of the B / ts ratio. In
addition, the load transmission from the steel tube to the concrete takes place. At elevated
temperatures, the column with a smaller B / ts ratio has a smaller concrete area so that it has a
lower strength.

6.7. Influences of preloads

The CFST column with a square section of 400×400 mm and a B / ts ratio of 80 subjected to
preloads and fire loading was analyzed. The yield strength of steel tube was 350 MPa and the
concrete had a compressive strength of 45 MPa. The column slenderness ratio was 60 and the
load was applied with an e/D ratio of 0.1. The preload ratios (  ) of 0.0, 0.4 and 0.6 were
selected in numerical analyses. Figure 16 presents the column axial strengths which are
dependent on the fire exposure time and preload ratio. It is indicated that the column strength
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decreases with an increase in the preload regardless of the fire exposure time. At ambient
temperature, when changing the preload ratio from 0.0 to 0.4 and 0.6, the column strength is
shown to decrease by 4%, 6% and 9%, respectively. It would appear from Fig. 16 that the most
pronounced strength reduction occurs at 20 min fire exposure. At this time, the strength
reductions were calculated as 12%, 21% and 26% for preload ratios of 0.0, 0.4 and 0.6.

7. Conclusions

This paper has presented a mathematical model utilizing the fiber approach for the
determination of the structural responses and fire resistance of eccentrically loaded slender
CFST columns with rectangular sections under fire exposure. The computer model has
incorporated various important features associated with slender thin-walled rectangular CFST
columns exposed to fire, including air gap between the concrete and steel tube, concrete tensile
strength, deformations induced by preloads and the interaction of nonlinear local and global
buckling, which have not been considered in other fiber-based numerical models. The
computational model developed has been verified by independently established experimental
and numerical results.

The results obtained from the parametric study have confirmed that the local buckling effect on
the strength of CFST columns is the most prominent at room temperature and its effect
decreases as the time of fire exposure increases. The column strength and stiffness are
remarkably reduced by increasing either the columns slenderness or the loading eccentricity.
The use of higher strength concrete significantly improves the column strength, stiffness, and
fire-resistance and its effect increases when the time of fire exposure increases. Increasing the
steel yield strength notably improves the column strength but after 20 min fire exposure its
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effect diminishes. The tube width-to-thickness ratio has the most prominent influence on the
ultimate strength of the column before 20 min fire exposure, but after that, its influence is
insignificant. The column strength and fire-resistance generally decrease with an increase in the
preload ratio.
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Fig. 1. Typical fiber mesh and strain distribution in the cross-section of a rectangular
CFST column under uniaxial bending.
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Fig. 3. Idealized temperature-dependent stress-strain curve for concrete.
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Fig. 4. Effective widths of steel tube walls in rectangular CFST column section under
uniaxial bending.
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Fig. 6. Influences of local buckling on the axial load-deflection responses of slender
square CFST column at the fire exposure time of 20 min.
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Fig. 7. Influences of local buckling on the column strength-fire exposure time curve.
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Fig. 8. Effects of column slenderness on the axial load-deflection responses of square
CFST columns at the fire exposure time of 40 min.
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Fig. 9. Effects of column slenderness ratio on the column strength-fire exposure time
curves.
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Fig. 11. Effects of e / D ratios on the column strength-fire exposure time curves.
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Fig. 12. Effects of concrete strength on the structural responses of rectangular slender
CFST columns at the fire exposure time of 40 min.
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Fig. 15. Effects of B / ts ratios on the column strength-fire exposure time curves.

1.6

Ultimate axial load Pu /Puo

1.4

r=0
0
r=0.4
 0.4
r=0.6
 0.6

1.2
1
0.8
0.6
0.4
0.2
0
0

20

40
Time t (min)

60

80

Fig. 16. Effects of preload ratios on the column strength-fire exposure time curves.
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Table 1. Geometric and material properties of CFST slender columns
Specimen

(B×D×ts)
(mm)

f y (MPa)

f c (MPa)

L
(mm)

P
(kN)

e/D or e/B

Reference

R-4

150×300×7.96

341

40.5

3810

1853

0.075

Han et al.10

13

200×200×6.3

279

55

2940

400

0.1

Kordina and
Klingsch38

R3
R5
R9
R11
B4b
C4a
C4b
C2a
C2b

150×250×10
150×250×10
150×350×10
150×350×10

428.3
457.7
383.3
383.3
275
275
275
275
275

32
36.5
37.6
38
30
30
30
30
30

3180
3180
3180
3180

374.7
456.7
540.1
683
1185
1728
1728
740
740

0.2
0.2
0.2
0.2
0.1
0.1
0.1
0.1
0.1

200×200×12.5
200×200×12.5
200×200×12.5
200×200×12.5
200×200×12.5

3000
2100
3000
2100
3000
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Reviewer #1
The paper developed a fiber-based numerical model to predict the fire response of eccentrically
loaded slender CFST columns with rectangular sections incorporating local-global interaction
buckling. Modelling methods for both temperature analysis and stress analysis were presented
with details. Verification and parametric study were carried out as well. The paper contributes
the numerical modelling to mechanical behaviour of CFST columns in fire. It might be accepted
provided the following suggestions and comments are addressed.
1.

Confinement between the steel and the core concrete is essential for the performance of
CFST and need to be illustrated in this paper manuscripts. It is believed that a well-known
factor-confinement factor is normally used to study such composite actions.

Experiments indicated that the steel tube provide little confinement to the concrete core in
rectangular and square CFST columns and the confinement is limited to the corers, which does
not increase the compressive strength of concrete but improves the ductility of the concrete.
It should be noted that the stress-strain model for concrete at elevated temperatures given in
Eurocode 230 does not consider the confinement effect as the steel tube provides little
confinement to the concrete in rectangular and square CFST columns and the confinement is
limited to the column corners.1-4 In addition, the high temperature and local buckling
significantly reduce the strength and stiffness of the rectangular steel tube, which provides no
confinement to the concrete core so that it is neglected in the present study. However, in the
post-fire nonlinear analysis of CFST columns, the confinement model for concrete has been
used by Yang et al.32 The above statements have been added on Page 11 in the revised
manuscript.
2.

Page 7: Please add references for the contact resistance between concrete and steel tube.
There have been different values in previous references. Have you compared the rationality
of the value of 100 W/m2K. After considering the contact resistance, have you compared
how much it affects the fire resistance of CFST columns. According to the understanding
of the reviewer, the contact resistance does increase the temperate of the steel tube and
decrease the outer concrete, but has little influence on the fire resistance.

The contact resistance of 100 W/m2K was suggested by Ding and Wang,20 which has been added
in the revised manuscript. The effect of air gap (contact resistance) on the fire behavior of CFST
columns has been investigated by Ding and Wang.20 They reported that the inclusion of an air
gap gives a slightly higher steel tube temperature but lower concrete core temperature and
Page 1 of 6

improves the accuracy of numerical simulations. However, the effect of air gap on the fire
resistance was found to be small.
3. Page 10: Temperature-dependent stress-strain model for concrete.
The stress-strain model this paper used has no consideration of confinement effect. Though the
confinement effect in square and rectangular sections are not as prominent as that in circular
sections, the confinement should be considered in the simulation which differs CFST columns
from steel/RC columns. Previous researchers who employed FEA software, Abacus for
example, chose a nonconfined stress-strain model of concrete as well. However that should be
fine because the confinement can be considered by simulating the contact between the two
materials. In the fiber-based modelling, the reviewer thinks there is no other way to introduce
the confinement effect except for a confinement-based stress-strain model of concrete.
Therefore it is suggested to employ a confined concrete model in the program. The authors may
refer to the following article.
[1] Yang H, Han L H, Wang Y C. Effects of heating and loading histories on post-fire cooling
behaviour of concrete-filled steel tubular columns. Journal of Constructional Steel Research.
2008, 64(5): 556-570.
As explained previously, experiments indicated that the steel tube provide little confinement to
the concrete core in rectangular and square CFST columns and the confinement is limited to
the corers, which does not increase the compressive strength of concrete but improves the
ductility of the concrete. The stress-strain models for concrete with improved ductility have
been used by many researchers and predictions are compared well with experimental results.14,25-26,30
The high temperatures and local buckling significantly reduce the strength and stiffness
of rectangular and square steel tubes, which provide no/little confinement to the concrete core
so that it is neglected in the present study.
The following paper has been cited on Page 10 in the revised manuscript:
32. Yang H, Han L H, Wang Y C. Effects of heating and loading histories on post-fire cooling
behaviour of concrete-filled steel tubular columns. Journal of Constructional Steel Research,
64(5) (2008) 556-570.
4.

Pages 11-12: Eqs.9, 10, 14: there are no explanation for Rp,T, Ry,T, RE,T

These reduction factors are defined on Page 10 and are given in Eurocode 3.
5.

Page 13: The authors mentioned two geometric imperfections have been considered in the
program, i.e. additional initial geometric imperfection and initial geometric imperfection.
There are no details show the suggested values of these two imperfections. Though these
values depend on individual cases and may be different from each other, it may be better
to provide suggestion for the imperfections.

The deformation caused by preload is calculated by using the load-deflection procedure and is
treated as an additional geometric imperfection. The initial geometric imperfection at the
column mid-height is taken as L/1000 and is specified on Page 19 in the parametric study.
Suggestion on this has been added on Page 15 in the revised manuscript.
6.

Page 16: Please explain why the authors didn't verify all related specimens or numerical
cases in References 10 and 20.
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The present computational model has been developed for predicting the fire resistance of
eccentrically loaded thin-walled rectangular CFST slender columns made of normal strength
plain concrete and normal strength thin-walled steel tubes. Therefore, only those columns
satisfying these criteria are selected for comparison purpose as explained on Page 18 in the
revised manuscript. The selected specimens are adequate for the verification of the
computational model.
7.

Page 17: The authors provided some explanation for the discrepancy between the
simulations and tests. Some of them may be crucial, point 2 for example, some of them
may be not. Most gas furnaces have the ability to follow the standard fire accurately except
for 1st-3rd minutes which have very slight effect for the whole fire range.

As suggested by this reviewer, point (a) on Page 18 has been removed in the revised manuscript.
8.

Page 18: The paper highlights the introduction of local buckling simulation to the program
for thin-wall CFST columns. According to the parametric study, local buckling has
negligible effect on the columns strength except for the beginning of fire exposure. This is
also the conclusion of the authors. Take Fig.7 for example, the loss of column strength is
only 20% at 40 minutes, which means the fire exposure is far shorter than the fire resistance
of the column in most cases. The load level in fire is always far less than 80 percent of that
at ambient temperature. This weakens the introduction of local buckling into the modelling.
Please address this comment in the manuscript.

As described in the Introduction, local buckling is a failure mode of rectangular and square
CFST columns. Based on the effective width formulas, local buckling would reduce the axial
capacity of the hollow steel tube by up to 60%. When compared with the capacity of the CFST
column, this percentage reduction decreases. However, However, if normal-strength concrete
and high-strength steel tube are used to construct the CFST column that is not too slender, the
reduction in column strength due to local buckling is significant and should be taken into
consideration in numerical simulations. These statements have been added on Page 20 in the
revised manuscript.
9.

Page 35: There are some mistakes in Table 1. Line 2, P should be 1853kN rather than
376kN Lines 4-7, all ts should be 10mm rather than 6.3mm Lines 8, ts should be 12.5mm
rather than 5mm Lines 10, Label should be C4b rather than C2b

These typos have been corrected in the revised manuscript.
Reviewer 2
Reviewer #2: The paper describes the step-by-step thermal analysis procedure for capturing the
fire behavior of rectangular slender concrete-filled steel tubular (CFST) beam-columns under
combined axial compression and uniaxial bending. The effects of air gap between the steel and
concrete components, local-post buckling, and preload on the fire performance are numerically
investigated. The accuracy of developed model is checked by the independent experimental and
numerical investigations. The good agreement is noted. As expected, some discrepancy is
always presence in the verification but the reasons for the discrepancy are described in details.
The parametric study is presented by varying each variable of beam-column geometry and
material strengths for identifying its individual influence on the fire behavior. The paper is well
written and identify the knowledge gap in the current literature. Therefore, the paper can be
accepted for the publication with the minor revision.
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The comments are given below:
1.

Describe the assumptions used in the thermal fiber model.

The assumptions have been provided on Page 7 in the revised manuscript.
2.

The benefits of the fiber model over the commercial software can be described.

The benefits of the fiber model over commercial finite element software have been given on
Page 7 and a reference is provided [27].
3.

Does the element size affect the thermal behavior of slender CFST beam-columns? The
mesh sensitivity study may be provided.

The element size affects the numerical results and convergence. Figure 1 illustrates the typical
fiber discretization only. For columns under axial load and bending, the steel tube wall needs
to be divided into at least four layers to obtain the converged solutions, which are acceptable
for engineering purpose.
4.

The word CFTS can be read as CFST on Page 11 in the line 5 from top.

“CFTS” has been changed to “CFST” on Page 12 in the revised manuscript.
5.

The Muller word used on Page 16 in line 3 from top should have double dots on the letter
"u".

“Muller” has been changed to “Müller” on Page 17 in the revised manuscript.
6.

Equation (16) contains the plus and minus. The importance of plus and minus can be
suggested.

The sign in Eq. (19) has been discussed on Page 17 in the revised manuscript.
7.

The first line in paragraph above the section 6 can be read as "the fire-resistance in time
predicted by…"

“the fire-resistance times” has been changed to “the fire-resistance in time” on Page 18 in the
revised manuscript.
8.

The space may be given between 16% and 13% on Page 19 in the last line.

The space between 16% and 31% has been added on Page 21 in the revised manuscript.
9.

The design of slender CFST beam-columns given in the current structural codes may be
given in the future study.

In the future study, design equations will be proposed.
10. The neutral axis can be depicted in Fig. 1.
The neutral axis (N.A.) has been added in Fig. 1 in the revised manuscript.
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11. The strain at the concrete cracking and ultimate tensile strain in Fig. 3 can be represented.
Figure 3 has been redrawn in the revised manuscript.
12. Equations (9)-(10) contains the clear width "b". This width can be illustrated in Fig. 4. The
minimum and maximum in-plane stresses (q and q1) of the plate should be provided in Fig.
4. The horizontal line used for N.A. in Fig. 4 can be extended out of the left flange of
rectangular steel tube.
Figure 4 has been redrawn in the revised manuscript.
13. The same legend may be used in Figs. 6 and 7. For example, remove dash from the Fig. 7
legend or add dash in Fig. 6.
Figures 6 and 7 have been redrawn in the revised manuscript.
14. The vertical axis increment can be increased in Figs. 8, 10, 12.
Figures 8, 10 and 12 have been redrawn in the revised manuscript.
15. Fig. 9 provides the beam-column slenderness effect on strength-time fire curves. The curve
representing the beam-column slenderness L/r = 50 has a bump. This behavior may briefly
be described.
Explanations on this have been given on Page 21 in the revised manuscript.
16. The last line on Page 4 should be read as "moisture content but ignored the…"
This has been changed on Page 5 in the revised manuscript.

Reviewer 3
1.

It is recommended to use "interaction of local and global buckling" instead of "local-global
interaction buckling".

The concept of “local-global interaction buckling” has been changed to “interaction of local
and global buckling” and the title of the paper has been changed in the revised manuscript.
2.

Local buckling is significant in short column. Please elaborate what has changed from
"short column" to "slender column" in terms of interaction between local and global
buckling?

Local buckling may occur in thin-walled CFST short columns, which do not undergo global
buckling so that there is no interaction between local and global buckling in CFST short
columns. However, when the length of the thin-walled CFST column is increased from short to
slender, local and global buckling may take place simultaneously so that there is an interaction
between local and global buckling. Local buckling reduces the stiffness and strength of the
CFST slender column, which may cause the global buckling of the column. The above
statements have been added on Page 19 in the revised manuscript.
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3.

Explain term "dynamic" in Section 4.2. The numerical method is a static equilibrium
analysis, why use dynamic here?

The residual moment function is changing at each iteration in the incremental-iterative analysis
so it is dynamic. But the analysis is a static equilibrium analysis. This explanation has been
added on Page 17 in the revised manuscript.
4.

Parametric studies in section 6 are excellent.

Thanks for your comments.
5.

The term "buckling displacement um" is recommended to changed to "lateral
displacement", as the bending deformation is existing from the very beginning of loading
due to initial geometric imperfections.

The term “buckling displacement” has been changed to “lateral displacement” in the revised
manuscript.
6.

In the Conclusions, does "20 minutes fire exposure" limitation apply to all columns? If not,
please elaborate the conditions.

This 20 min fire exposure limitation applies to the effect of steel yield strength and B/ts ratio
on the ultimate strength of columns.
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